Abstract Brazil is considered one of the world's leading producers of biofuels given the predominance of ethanol fuel in its energy matrix. However, despite the prominence of Brazil in ethanol production, the vast majority of biodiesel production plants in Brazil use methanol instead of ethanol as the alcohol for transesterification reaction, as is generally the case in the rest of the world. The aim of this paper is therefore to examine the transesterification process in the Brazilian biodiesel production in terms of sustainability. In this regard, it was necessary to evaluate the way in which the industrial process is currently carried out, the role of government incentives or subsidies for the use of ethanol to produce biodiesel, and the investments of companies in technology development for the same purpose. This study presents indications that the development of the biodiesel market in Brazil is still oriented toward a production model which is inconsistent with the environmental and social aspects of sustainability.
Introduction
Biodiesel is an environmentally friendly fuel that can be obtained by means of different processes of transesterification (Demirbas 2005) . According to Ma and Hanna (1999) , the most common process for biodiesel production is the catalytic transesterification method, which is the reaction between animal fat or vegetable oil and alcohol (methanol or ethanol) , in the presence of a catalyst. This process aims to modify the molecular structure of vegetable oil and animal fat, giving them similar physicochemical properties to those of diesel fuel (Basha et al. 2009; Girard and Fallot 2006) .
Brazil is considered one of the world's leading producers of biofuels given the predominance of ethanol fuel in its energy matrix (Lôbo et al. 2009 ). However, despite the prominence of Brazil in ethanol production, the vast majority of biodiesel production plants in Brazil use methanol instead of ethanol as the alcohol for transesterification reaction, as is generally the case in the rest of the world (Janaun and Ellis 2010; Renó et al. 2011; ANP 2014) .
According to Olah (2005) , methanol is mainly obtained by methane oxidation, and it is considered non-renewable and of higher toxicity than ethanol (Pereira and Andrade 1998; Quintella et al. 2009 ). Brazil suffers from the disadvantage of not being self-sufficient in its production, having to import it for this purpose (Rathmann et al. 2012) . In contrast to methanol, ethanol is renewable and biologically less harmful to the environment (Demirbas 2005 (Demirbas , 2008 Kaercher et al. 2013 ). Moreover, Brazil is able to produce ethanol at a volume that is capable of meeting the biodiesel production (ANP 2013; Brazil 2015) .
There are perhaps two main reasons why the methylic route has become the method of preference in Brazil: firstly because the ethylic route has not been completely mastered-a technological lack (Rovere et al. 2011 )-and secondly because the cost of production using methanol is usually lower than that of ethanol-an economic disadvantage (Kanitkar et al. 2011) . On the other hand, there are social problems connected to the use of methanol, especially regarding its high toxicity and greater environmental impacts when compared with ethanol (Frenia and Schauben 1993; Pereira and Andrade 1998; Quintella et al. 2009; Leoneti et al. 2012 ).
The present disadvantages of the ethylic route could eventually be overcome by means of new technological process (Quintella et al. 2009) . A great deal of research has been carried out on ways to improve ethanolysis for biodiesel production (Stamenkovic et al. 2011; Yusoff et al. 2014) , focusing on the following four possible methods for biodiesel production, namely: using an alkali catalyst, using an acid catalyst, using a lipase catalyst and by supercritical fluid reaction (Marchetti et al. 2007) .
For example, the ethanolysis reaction of different oils has been investigated by changing the reaction conditions and developing new catalytic systems and processes (Stamenkovic et al. 2011) . Pedersen et al. (2014) investigated bath biodiesel production by means of enzymatic catalysis using a liquid lipase formulation that increased the rate and the conversion of the ethanolysis reaction. In addition, microwave irradiation has been used to improve the results of the ethylic route, thus increasing its efficacy in comparison with the conventional method of biodiesel production that uses methanol (Kanitkar et al. 2011 ). In the same direction, Da Rós et al. (2014) proposed an enzymatic approach to the synthesis of biodiesel by means of the use of an ethanolysis reaction using microwave irradiation. Kaur and Ali (2015) developed an efficient and stable catalyst of molybdenum impregnated calcium oxide in order to carry out ethanolysis. Vieitez (2008) investigated different supercritical reaction conditions and reported that the effect of temperature and substrate flow rates strongly affected the conversion reaction. Mendow et al. (2012) demonstrated a further way to achieve better performance in biodiesel production by means of the purification of the ethyl ester. Finally, Mendow and Querini (2013) proposed a methodology for the purification of crude biodiesel with extensive soap content.
Furthermore, several recent studies have focused on the sustainability of biodiesel production in several parts of the world (Janssen and Rutz 2011; Jayed 2009 ). There have also been specific studies in Brazil considering the environmental aspect of biodiesel production (Castanheira et al. 2014 ) and others focusing in its economic, social and technical sustainability (Rathmann et al. 2012) . However, little research has been carried out on the comparative merits of the methyl and ethyl routes with regard to sustainability.
The aim of this paper is therefore to examine the transesterification process in the Brazilian biodiesel production in terms of sustainability. In this regard, it was necessary to evaluate the way in which the industrial process is currently carried out, the role of government incentives or subsidies for the use of ethanol to produce biodiesel, and the investments of companies in technology development for the same purpose. With this in mind, the aim of this research was both to evaluate the current method of biodiesel production in Brazil and to consider viable ways to carry out the production through a truly sustainable route.
Method
The present study is an exploratory investigation that aims to describe the production process of biodiesel in Brazil in order to discuss the sustainability of the process using the available technology. The research was conducted as follows. Firstly, an investigation was carried out using Brazilian secondary data sources (governmental reports, newspapers, magazines, books and Web sites) in order to ascertain which route has been in use for biodiesel production among the 67 current operating facilities in Brazil. Next, bibliographical research was conducted in national and international journals using keywords such as biodiesel, production, transesterification, methanol and ethanol in order to compare the advantages and disadvantages of using either the methylic or the ethylic route in biodiesel production.
In parallel, another investigation was carried out into the existence of incentives for the development of new technology to produce biodiesel in Brazil. Initially, two calls for projects related to biodiesel production from the National Fund for Scientific and Technological Development-FINEP-were evaluated. Next, a case study was conducted in a company named Fertibom 1 using interview and secondary data. Finally, a patent search was carried out using the Espacenet Web site (Espacenet 2013), with the aim of evaluating Brazilian companies as players on the world stage of technology for biodiesel production using ethanol. In total, 114 patents were analyzed from more than 90 countries all over the world, including Brazil. The keywords used to identify the innovation were ethanol and transesterification, in the fields ''abstract'' and ''title'' in the patents.
3 Results and discussion
Biodiesel production in Brazil
Brazil is considered an important global player in biofuel production (Howarth et al. 2009 ). This is largely due to its production of ethanol fuel, which has been incorporated into the energy matrix since the launch of the Pro-Alcohol Program.
2 Like ethanol production, the National Program for the Production and Use of Biodiesel-PNPB (Stattman et al. 2013 ; ANP 2011a)-is another Brazilian program, which also aims to increase the share of renewable energy sources in the Brazilian energy matrix. The primary objective of both projects was the reduction of dependence on non-renewable fuels and to reduce the net trade balance by using a renewable fuel, mainly to circumvent international oil crises (ANP 2011a; Garcia et al. 2007; Rathmann et al. 2012) . Table 1 shows the development of biofuels in Brazil, highlighting the periods of global oil crises and the launching of government programs.
The introduction of biodiesel into the national energy matrix was possible due to the Law 11,097, from January 2005. Figure 1 shows the lack of biodiesel production in Brazil before (2005) (when the above Law was enacted) as well as the significant increase in volume in 2008, the start date of the addition of biodiesel to regular diesel.
Nine years after its implementation, biodiesel production is not uniformly distributed in the country. The principal region producer is the Midwest, which accounts for almost 39 % of national production. The Midwest is followed by the Southern region, which accounts for 35 % of the overall production. The third biggest producer region is the Southeast, followed by the Northeast and the Northern, which account for 17, 5 and 4 % of the overall production, respectively (ANP 2013) . This difference between the regions can be explained by the distribution of the principal raw material crop, namely the soybean.
The use of soybean, despite affecting negatively the food market as noted by Rathmann et al. (2012) , is the principal feedstock for biodiesel production in Brazil, accounting for 86.2 % of the main raw materials in use (ANP 2011b), and about 32 % of the total domestic consumption of the soybean (Castanheira et al. 2014) . Among other factors that could explain the use of this feedstock, it is important to point out that: (1) for large production capacities, typically above 300 tons per day of raw material, it is necessary to use oilseeds with a low oil content-less than 25 %-as in the case of soybeans (Parente 2003) ; (2) for biodiesel production on a large scale, it is necessary to consider the strategic aspects of planting the grain, such as seasonality, productivity and culture risk, which is the case of the soybean (Khalil 2006) ; and (3) there needs to be a close proximity between the sources and the biodiesel plants, especially in Brazil given its huge territory (Leoneti et al. 2012) .
Not surprisingly, the distribution of soybean production in the country is closely linked to the production of biodiesel, with the Midwest, the largest producer region, accounting for 46 % of the total production, followed by the Southern, with 38 %, the Northeast (8 %), the Southeast (6 %) and the Northern, with only 2 % of the total production. A Chisquared nonparametric hypothesis test cannot reject the hypothesis that these two samples have the same distribution with p value equal to 0.11, corroborating the affirmation that the larger the soybean production, the bigger the biodiesel production. Figure 2 presents the Brazilian regions and their respective amount of overall biodiesel and soybean production.
It is worth noting that besides promoting the inclusion of biodiesel into the Brazilian energy matrix, the other PNPB main guidelines are: (1) promoting social inclusion, (2) ensuring competitive prices, quality and supply and (3) producing biodiesel from different oil sources to strengthen regional potential for feedstock production (ANP 2011a). Regarding the social aspects of using the soybean as the principal feedstock, Rathmann et al. (2012) noted that biodiesel production has not yet reached the goal of promoting regional development through the inclusion of family farmers into the feedstock supply chain, given that biodiesel is produced with raw material (mainly soybean) acquired from big producers. Other economic, environmental, social and technical impacts of biodiesel production in Brazil are discussed in Rathmann et al. (2012) , Castanheira et al. (2014) , Garcez and Vianna (2009) , Kanitkar et al. (2011) and Rovere et al. (2011) . However, little research has been carried out on the comparative merits of the methyl and ethyl routes with regard sustainability.
Methanol versus ethanol in the Brazilian biodiesel production
Despite its environmental benefits and the fact that ethanol is produced abundantly in Brazil, the current scenario of biodiesel production in the country consists largely of biodiesel producers that use methanol instead of ethanol in the transesterification biodiesel process. Figure 3 shows the capacity for biodiesel production in Brazil in July 2009, and the production process adopted. It can be observed that in almost all production plants (59 out of 65), the production was designed to produce biodiesel through the methylic route. It is worth to observe that the plants that processed biodiesel in 2009 through the ethylic route were small, many of them pilot plant size. In these small plants, the process takes place in batches, a procedure that allows the removal of ethanol from the final product, thus minimizing losses and allowing a reduction in production costs (Quintella et al. 2009 ). Even in plants designed to operate both ethylic and methylic routes, the sizes of the plants in general are small. This scenario changed between 2009 and 2014, during which period the overall production capacity doubled, mainly due to the increase in production through 3 The plants which were designated to produce biodiesel by methylic or ethylic route were performing only through methylic route, counting only for the methylic route type. the methylic route (ANP 2014). Meanwhile, the plants which were able to produce biodiesel only through the ethylic route, such as Abdiesel, Biolix, Biominas, Fusermann and Renobrás, either changed to the methylic route, e.g., Abdiesel, or ceased their activities, as was the case with companies such as Biolix, Biominas, Fusermann and Renobrás. This leaves Fertibom Industries Ltd in Catanduva, São Paulo state, the only utility that produces biodiesel through the ethylic route on a large scale.
Production of biodiesel by ethylic route at Fertibom Industries Ltd
It is worth analyzing closely the case of Fertibom because this company, despite being the only Brazilian company to compete in the market by exclusively using ethylic transesterification, has invested in R&D to improve this technological route. Fertibom, which is generally considered to be the first company to produce biodiesel in the state of Sao Paulo, developed its own production process and adopted procedures for biodiesel production using the ethylic route from various oilseeds and animal fats (Fertibom 2015) . The company is a pioneer in the production of ethyl biodiesel on a commercial scale in the country. Fertibom has the largest capacity for biodiesel production using the ethanol route in Brazil; in 2011, it produced about 31 thousand m 3 of biodiesel that represented, approximately, 1.2 % of the national production. According to the CEO of the company, Fertibom's preference for the production of biodiesel by the ethylic route was motivated primarily by their commercial relationship with alcohol mills, which were their main clients before the company entered into the biodiesel business. Starting out with just a pilot plant, biodiesel was eventually produced on an industrial scale, always using ethanol as a reagent; this highlights the fact that during this period there were times when ethanol had become more economically viable than the methanol used in the methylic route.
The technology developed by Fertibom to produce biodiesel by the ethylic route is called Biomax, and it uses a specific transesterification process called T-Max (Fertibom 2015) . This technology was first developed in 2003 and is seen by the company as a great accomplishment. In terms of the technology developed, the company states that industrial secrecy was chosen as a technology protection strategy because further developments were needed before requesting patents (FINEP 2015) . On the other hand, Fertibom did not reveal how much it had invested in the development of the technology as the CEO states that ''this question of funds pales before the process,'' although it has been publicly acknowledged that the money invested by FINEP in the two projects amounted to a total of R$ 1.3 million from 2001 to 2008.
However, it seems likely that Fertibom developed its particular process of producing biodiesel due to the presence of ethanol producers in its very specific supply chain, which is not the case with most the companies launched with the specific goal of producing biodiesel. This is because Fertibom is located in the biggest ethanol production region in Brazil, the Southeast, which is also not the case with the other producers.
The option for the methylic route in Brazil: sustainable aspects
Some technical and economic advantages could be identified as possible reasons for the choice of the methylic route in Brazilian production. Firstly, from an economic point of view, there is the fact that the price of ethanol is generally higher than the price of methanol to the producers (Demirbas 2005; BNDES 2008; Sanli and Canakci 2008; Kanitkar et al. 2011; BIODIESELBR 2014) . Moreover, there are other factors related to operational performance which could reduce the production costs, namely: (1) the fact that methanol consumption in the transesterification process is approximately 35 % lower (Sanli and Canakci 2008; Quintella et al. 2009; Nogueira 2011) ; and (2) the fact that the reaction time through the methylic route is more than halved when using ethanol (Sanli and Canakci 2008; Khalil 2006) . These cost reductions could be seen as economic advantages.
In addition, there are arguably other reasons why it is technologically advantageous, for example: (1) the technology for producing biodiesel by the methylic route is at an advanced state, which is not the case with the production of biodiesel by the ethylic route (Lima 2004; Hall et al. 2009; Rovere et al. 2011) ; (2) methanol reduces the difficulty of separating biodiesel from glycerol (Meher et al. 2006; Haas et al. 2006; Boog et al. 2011) ; and (3) the methylic route provide non-extensive soap formation-about 3 times lowerwhen compared with ethanol under similar conditions (Mendow et al. 2012) . These factors are pointed out by several engineers and traders that operate in the biodiesel production industry and could explain the preference for the methylic route over the ethylic route (Garcez and Vianna 2009) .
However, it is important to stress that methanol also presents disadvantages over ethanol especially regarding its environmental and social impact. As stated by Kaercher et al. (2013) , if methanol is allowed to escape in the biodiesel production, the estimated physical, environmental and social impacts associated with biodiesel production by the ethanol-based route would be less negative than those produced by using methanol. It is also worth mentioning that the use of ethanol provides non-toxic glycerol that could be used in animal feeding, which would largely solve the problem of the surplus of the byproduct glycerol in biodiesel production (Leoneti et al. 2012) . In terms of greenhouse gas emissions, according to Sheehan et al. (1998, p. g13) , at the tailpipe, biodiesel (most of which is renewable) emits 4.7 % more CO 2 than petroleum diesel due to its non-renewable portion of methanol. In addition, as noted by Gui et al. (2009) , the non-renewable sources, including methanol, might cause supply and cost uncertainties.
With specific regard to the social impact, Frenia and Schauben (1993) and Pereira and Andrade (1998) have noted that daily short exposures to methanol vapors can result in an accumulated concentration which is severe enough to cause damage to the health. The high toxicity of methanol compared to ethanol can be evaluated by checking industrial recommendations for product handling. According to the United Nations Globally Harmonized System-GHS-for dangerous substance directives, methanol has highly flammable vapors, is toxic if swallowed, in contact with skin or inhaled, and might cause damage to organs. Ethanol, by contrast, has highly flammable vapors and might cause eye irritation (EU 2008) .
When used in biodiesel production, traces of methanol remain in the glycerol, which are eventually used as a supplement in animal feed (Leoneti et al. 2012 ). According to Yusoff et al. (2014) traces of methanol are highly undesirable in the food chain because methanol is metabolized in life-bodies into formaldehyde (an extremely hazardous compound) and subsequently formic acid, while ethanol is metabolized into acetaldehyde then quickly into acetic acid, as shown in Fig. 4 .
Moreover, Brazil needs to import almost all the methanol employed in the biodiesel production process (SIDRA 2014; ALICEWEB 2014; Rathmann et al. 2012 ). There are only two Brazilian companies competing in the methanol market: GPC Chemistry of Rio de Janeiro, with a capacity of 220 thousand tons, and Petrochemical Company (Northeast Copenor), with 82 thousand tons. The Chilean Methanex is the third largest competitor in the national market and is the global leader in the manufacturing and marketing of methanol (BIODIESELBR 2014) . According to Methanex, in some periods during 2012, Brazil was able to import only 10-15 % of the volume of methanol needed due to problems in Brazilian docks. At the beginning of 2013, due to methanol shortages, the government decided to reduce to zero the tax rate on methanol importation, which was prorogated for the year of 2014 (MDIC 2014) . Figure 5 depicts the increase, in kilograms, of methanol imported since the launch of PNPB (black line, left axis), the decline of methanol production in Brazil (gray line, left axis) and the production, in cubic meters, of biodiesel in the country (gray dotted line, right axis). It is possible to see, from Fig. 5 , the problem of importation in the year of 2012 (the negative peak during the year 2012) and the Brazilian methanol production deficiency in contrast to biodiesel production.
In economic terms, the importation of methanol has reduced the benefits of biodiesel production. According to Rathmann et al. (2012) , one of the justifications for implementing the PNPB given by the Brazilian Government was to improve the trade balance, in order to reduce dependence on imported non-renewable fuels, including diesel. The authors have found that, considering the importation of methanol to produce biodiesel in 2009, there was a net trade deficit of about US$ 37 million, compared to the saving of money avoided by replacing diesel imported with biodiesel. In this respect, McBride et al. (2011) state that domestic bioenergy systems would be safer and more sustainable than imported fossil fuels, which could be seen as an advantage of using ethanol in the biodiesel process. Therefore, ethanol brings environmental and safety benefits (Kanitkar et al. 2011 ) and has the advantage of being renewable, non-toxic and biodegradable (Demirbas 2005) . There is also the fact that Brazil annually produces about 12 million cubic meters of ethanol from sugar cane (ANP 2013) . If Brazil used ethanol in the transesterification process, it would only need about 350 thousand cubic meters (3 % of the total production) to meet the needs of almost 4 million cubic meters of biodiesel produced annually, an amount that could be eventually obtained from the reduction of ethanol/petrol blend percentage, currently around 27 % (Brazil 2015). Howarth et al. (2009) state that Brazil is very competitive in terms of ethanol production. An example of this is the strategic interest in Brazilian sugar cane production by the U.S. company Amyris, holder of the manufacturing process of Farnesene. Farnesene is a hydrocarbon molecule that can be used for a wide range of products varying from cosmetics, perfumes and detergents to diesel production and which has a similar performance to that of fuels with a fossil origin (Amyris 2013 ). According to the company's CEO, in order for scaled production of their products to become feasible, there would be no other place in the world with technology to match that developed in Brazil (Herzog 2010) , which could also provide a good environment to test innovative technologies for biodiesel production.
It is important to note that if Brazil used ethanol for biodiesel production, the quality of biodiesel produced meets biodiesel ASTM International quality specifications, and that Brazil has equipment manufacturers that offer biodiesel plants designed to operate using either the ethylic or methylic route (Olivério 2006) . Figure 6 depicts the biodiesel process production using methanol and ethanol.
Development of technology for biodiesel production in Brazil
According to Howarth et al. (2009) , much of the current interest worldwide is focused on the second generation of biofuels, which are intended to enhance or replace the transesterification process to produce biodiesel. In this context, Searchinger (2009) states that government subsidies are important in order to stimulate the development of biofuels. Similarly, Dermibas (2009) notes that reducing technological, economical, supply, storage, safety and policy barriers to the development of biofuels is one of the driving factors in the Governments' involvement in biofuel research and development. Nevertheless, it seems that the Brazilian Government has not been supporting efficiently the development of new technology or innovation for biodiesel production.
In an investigation carried out on calls for projects for biofuels development performed by the FINEP, only two specific calls regarding biodiesel production were found: one in The methylic versus the ethylic route: considerations about… 647
2005 and one in 2006. From the 15 projects selected in these calls, none of them was related to the biodiesel production process, which is striking given the existence of investments for the technological development of biodiesel but no interest from the industry (FINEP 2014) . The lack of response to the calls seems to have led the Government to abandon the idea of developing the ethylic route. Recent legislation, passed in 2014, that establishes rules for biodiesel production in the country, does not even mention ethanol as the alcohol to be used for transesterification reaction. On the other hand, there is reference in the legislation concerning leakage of methanol during delivery, the spillage of methanol in the tank, and fire or the explosion of methanol (Brazil 2014) . With regard to the private sector, Brazil's participation as a technological developer of technology for transesterification is also small. There are few patents in the area of biodiesel production, which makes it necessary to secure investments in order to overcome the technical difficulties (Quintella et al. 2009 ). Analysis of the 114 patents related to the transesterification process collected in this research until 2013 revealed that only five of them were from companies or inventors residing in Brazil as applicants (Espacenet 2013) . Among the top 10 countries in respect of patents application related to transesterification technology, China (19 patents), France (12 patents) and Germany (11 patents) are noteworthy. The number of patents required by China, as the country of the applicant or the inventor, is almost four times the number of Brazil, putting the country into only sixth position, behind China, France, Germany, Japan (9 patents) and USA (8 patents). The other top 10 countries are: India (3 patents), Republic of Moldova (2 patents), Spain (2 patents) and Czech republic (2 patents).
Final remarks
In terms of production, Brazil has achieved a major breakthrough in the consolidation of the biodiesel market. The current production of biodiesel is about 4 million cubic meters per year, half of the production capacity. Nonetheless, among the 67 approved production plants in the country, our research showed that the vast majority produce biodiesel using the methylic route, disregarding the availability of ethanol and social and environmental benefits associated with biodiesel production by the ethylic route. The preference for the use of the methylic route in the production of biodiesel could be explained primarily by economic factors, since the cost of production using methanol is lower. Furthermore, the production by the ethylic route still faces problems related to the fact that the technology is still at an early stage.
A company was identified which was producing biodiesel through the ethylic route, using technology developed within the company and articulating its own net of suppliers, making the biodiesel production by ethylic route more attractive even in economic terms. Furthermore, it has been identified in the literature that there have been advances in the study of the ethylic route and the potential of this process for the production of biodiesel. However, it was also found that the government has provided no incentive to use ethanol in biodiesel production and, in general, there is no initiative to develop new technological process within the private sector. Consequently, Brazil needs to import methanol in order to meet PNBN objectives, generating a deficit in the trade balance.
In conclusion, despite some advances, biodiesel production by transesterification reaction in Brazil seems to fail to take account of some environmental and social aspects of sustainability. There is a large capacity to generate ethylic alcohol in the country, but the use of this product as alcohol for biodiesel production has not been encouraged. From a strategic point of view, Brazilian dominance in ethylic alcohol production has not yet resulted in adding value to the biodiesel product, leading to the external dependence of methanol and causing deficits in the net trade balance. In this sense, the use of ethanol, even with its technical and economic disadvantages, could be attractive for the country from a strategic and environmental point of view if there was an effort to introduce innovative technology to produce biodiesel through a truly renewable and cleaner supply chain.
